We have identi®ed a novel subfamily of mammalian hairy/Enhancer of split (E(spl))-related basic helix-loop-helix (bHLH) genes together with a putative Drosophila homologue. While hairy/E(spl) proteins are characterized by an invariant proline residue in the basic domain and a carboxyterminal groucho-binding WRPW motif, our genes encode a carboxyterminal KPYRPWG sequence and were thus designated as Hey genes (Hairy/E(spl)-related with YRPW motif). Furthermore, they bear a unique C-terminal TE(I/V)GAF motif and the characteristic proline is changed in all Hey family members to glycine. RNA in situ hybridization analysis revealed speci®c expression of Hey1 during development of the nervous system, the somites, the heart and the craniofacial region. Hey2 is similarly expressed in the somites whereas it shows a complementary expression in the heart, the craniofacial region and the nervous system. The diversity of expression patterns implies unique functions in neurogenesis, somitogenesis and organogenesis. q
Results
Hairy/(E(spl)-related proteins are basic helix-loop-helix (bHLH) transcription factors implicated in cell fate decision and boundary formation (Kageyama and Nakanishi, 1997; Palmeirim et al., 1997; Fisher and Caudy, 1998) . We have identi®ed three mammalian genes, Hey1, Hey2 and HeyL, together with their presumptive Drosophila homologue, dHey, that constitute a new subfamily of hairy-related bHLH proteins (Fig. 1) . The highest similarity to hairy and among each other is found in the bHLH and Orange domains and a C-terminal YRPW motif, although the latter is absent in HeyL or modi®ed to YQPW in murine Hey2. Compared to hairy/E(spl), these novel proteins exhibit three major differences: (1) the invariant proline within the basic domain that confers N-box DNA binding speci®city to hairy/Hes (Akazawa et al., 1992; Ohsako et al., 1994 ) is changed to glycine; (2) the KPYRPWG motif; (3) an additional C-terminal TE(I/V)GAF motif.
The expression patterns of Hey1 and Hey2 during mouse embryogenesis were determined by RNA in situ hybridization. Both genes were detected in the developing somites and the heart (see below). Between E8.5 and E9.0, Hey1 was found in the allantois, the dorsal aorta and the ®rst branchial cleft ( Fig. 2A,B) . At E9.5, Hey1 was also expressed in the newly formed second branchial cleft, the otic vesicles, thē oor plate of the neural tube, the forebrain and the septum transversum (Fig. 2C) . One day later, Hey1 staining was additionally observed in the nasal pits and in the protruding limb buds (Fig. 2D) , where it persisted at E11.5 (Fig. 2E) . Hey1 was also weakly expressed in muscle precursors, the spinal nerves and the craniofacial region. At E12.5, staining was observed in the whisker follicles, the telencephalon, the upper rhombic lip and the limbs (Fig. 2F) .
Hey2 is coexpressed with Hey1 in the somites and the otic vesicles between E8.5 and E10.5 (Fig. 2C±J ) and was additionally detected in the ®rst branchial arch (Fig. 2H ). Starting at E10.5, Hey2 was strongly expressed in the spinal nerves, the cranial ganglia and the telencephalon (Fig. 2J±  L) . At E11.5, Hey2 showed a striking expression pattern in the craniofacial region: the distal part of the maxillary arch, along the rostral mandibular arch and surrounding the lateral nasal processes (Fig. 2K ). Hey2 was also observed at the midbrain-hindbrain boundary and the posterior edge of the hand-and foot-paddle (Fig. 2K ). In the craniofacial region at E12.5, Hey2 was expressed surrounding the whisker follicles, thus complementary to Hey1 (Fig. 2L) .
Complementary expression was also observed in the myocardial layer of developing heart: Hey1 was found in the developing in¯ow and out¯ow tracts as well as atrial precursors, but Hey2 appeared restricted to the ventricular region of the heart tube ( Fig. 3) .
During somitogenesis, transcripts of Hey1 and Hey2 were coexpressed in the posterior half of newly formed somites, with progressive downregulation as somites matured (Fig.  4) . In presomitic mesoderm (PSM), Hey1 was only expressed in the anterior-most portion, either as a broad band or condensed to the size of one half-segment, suggesting a dynamic expression (Fig. 4A,B) . In contrast, Hey2 was also detected in the caudal portion of the PSM (Fig. 4C,D) .
During neurogenesis, Hey1 was expressed in the¯oor plate of the neural tube and the telencephalic vesicles (Fig. 2D±F) . Later, transcripts became restricted to the ventricular layer of the telencephalon facing the lateral ventricles (Fig. 5B) , whereas Hey2 became more prominent Fig. 1 . Amino acid sequence alignment of mouse Hey1 and Hey2 genes (mHey1, mHey2). the human HeyL gene (hHeyL) and the Drosophila counterpart dHey. Well conserved domains are highlighted by shaded boxes. A full length mHey1 cDNA was isolated by screening of a murine E11 cDNA library in lSHlox (Novagen) with the mouse EST clone 478014 (GenBank H24444). Human, mouse and Drosophila sequences with homology to mHey1 were identi®ed by database searching using the NCBI BLAST network service (Altschul et al., 1990 ) and clones were obtained from the RZPD resource center (Berlin) or generated by RT-PCR with primers designed by the CODEHOP program (Rose et al., 1998) . The mouse Hey2 aminoterminus has not yet been identi®ed, but preliminary analysis of the human Hey2 gene shows strong similarity in the bHLH region (not shown). The hHeyL sequence is deduced from the human PAC sequences of clone dJ110F11 (AL033526), the dHey sequence is from the P1 clone D506886 (AC005448).
Fig. 2. Expression analysis of
Hey1 and Hey2 in whole-mount CD-1 mouse embryos between E8.5 and E12.5 (stages are indicated on the left). In situ hybridization with antisense riboprobes was performed as described previously (Leimeister et al., 1998) 
. (A±F) Hey1 expression. (A) Expression in cardiac precursors is indicated by arrowheads. (D)
The arrow marks the left nasal pit and the arrowhead indicates Hey1 expression at the ventrolateral edge of the dermomyotome. (G±L) Hey2 expression. Arrowheads in (K) indicate the focal expression of Hey2 in the limb buds. al, allantois; at, atrium; ba, branchial arch; bc, branchial cleft; da, dorsal aorta; fp,¯oor plate; lb, limb bud; mh, midbrain-hindbrain boundary; ov, otic vesicle; sn, spinal nerves; st, septum transversum; te, telencephalon; tg, trigeminal ganglion; v, ventricle; wf, whisker follicles. in the outer layer of the cerebral cortex (Fig. 5H) . In line with Hey1 expression in the upper rhombic lip at E12.5 (Fig.  2F ) transcripts were found later (E15.5) in the external granular layer of the cerebellum, where neurons and glial cells arise (Fig. 5A) . Hey2 was strongly expressed in the spinal nerves and various cranial ganglia throughout all stages analyzed (Fig. 2J±K ). Transcripts were also detected in the sympathetic trunk and ganglia (Fig. 5G) .
Hey1 was expressed in the nasal placodes (E9.5) and nasal pits (E10.5) that give rise to the olfactory and vomeronasal epithelium (Fig. 2D) . In contrast, Hey2 was detected only later in the differentiated sensory epithelium, where it is expressed complementary to Hey1 (Fig. 5C,D,I ,J). While Hey1 was detected on the apical cell layer of non-neuronal supporting cells, Hey2 was expressed in the intermediate cell population of post-mitotic olfactory neurons. A similar distribution was seen in the sensory half of the vomeronasal epithelium. During ear development, Hey1 and Hey2 were expressed in the otic vesicle at E9.5 and later in the cochlear epithelium, but only Hey2 showed staining of the cochlear ganglion (Figs. 2C,I and 5E,K). In the developing eye, Hey1 and Hey2 were both detected in the neuronal retina and the lens ®ber cells (Fig. 5F,L) , but not earlier in the optic placode or vesicle (Fig. 2) . Based on the sequence similarity to hairy/E(spl) genes and the frequent correlation of Hey expression patterns with those of the Delta-Notch signaling pathway, we suggest that Hey genes may participate in this pathway in cell fate decisions and boundary formation.
